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High Performance Temperature Sensors Made from 
Carbon Nanotube/Polymer Nanocomposites 
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? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  
 
Abstract 
 
In this work, based on massive multi-scale numerical simulations, the behaviors of 
thermal expansion and temperature-dependent piezoresistivity of carbon nanotube 
(CNT)/polymer nanocomposites were extensively studied. Moreover, a CNT/polymer 
nanocomposite temperature sensor of ultrahigh accuracy was developed, and its working 
mechanisms were studied based on the proposed multi-scale model. 
Firstly, the axial coefficients of thermal expansion (CTE) of various single-wall carbon 
nanotubes (SWCNTs), and some multi-wall carbon nanotubes (MWCNTs), were predicted 
using molecular dynamics (MD) simulations. It was found that the axial CTEs of CNTs are 
negative in a wide low temperature range, and vary nonlinearly with the temperature. These 
axial CTEs may become positive as the temperature increases, especially for those 
SWCNTs and MWCNTs of small diameters of the innermost wall. However, the axial 
CTEs of SWCNTs and MWCNTs vary linearly with the diameter of the innermost wall. 
With the increase of the diameter, the axial CTEs decrease. For the case of SWCNTs, 
compared to metallic chiral SWCNTs, the semi-conductive chiral SWCNTs, which possess 
comparatively smaller absolute values of negative CTEs, appear to be more insensitive to 
the change of temperature. Within a wide temperature range, a set of empirical 
formulations was proposed for evaluating the axial CTEs of the armchair and zigzag 
SWCNTs using the temperature and the CNT’s diameter. For MWCNTs, their CTEs cannot 
be simply evaluated from the average CTE of their constituent SWCNTs forming the 
  ii
MWCNTs. Generally, with the increase of the number of wall, within the low temperature  
range, the absolute values of negative CTEs of MWCNTs become smaller gradually within 
low temperature range, and finally converge to a stable value when the number of wall is 6. 
This indicates that the MWCNTs become more insensitive to the change of temperature as 
the number of wall increases. 
Next, the thermal expansion properties of the CNT/polymer nanocomposites were 
investigated extensively using a multi-scale numerical model. The thermal expansion 
properties of CNT/polymer nanocomposites with CNT content ranging from 1 wt% to 15 
wt% were investigated using a multi-scale numerical technique in which the effects of two 
parameters, i.e., temperature and CNT content, were investigated extensively. For all CNT 
contents, the obtained results clearly revealed that within a wide low temperature range 
(303 ~335 K), the nanocomposites undergo thermal contraction, and thermal expansion 
appears in the high temperature range (335 ~393 K). It was found that at any CNT content, 
the thermal expansion properties vary with the temperature. As temperature increases, the 
thermal expansion rate increases linearly. However, at a specified temperature, the absolute 
value of the thermal expansion rate decreases nonlinearly as the CNT content increases. 
Moreover, the results provided by the present multi-scale numerical model are verified with 
those obtained from a micro-mechanics based theoretical model and from experimental 
measurement. Therefore, this multi-scale numerical approach is effective to evaluate the 
thermal expansion properties of any type of CNT/polymer nanocomposites. 
Finally, a temperature sensor was fabricated from a CNT/polymer nanocomposite. Its 
temperature-dependent piezoresistivity was firstly characterized experimentally. For all 
CNT contents from 1 wt% to 5 wt%, the electrical resistance of the sensors increases 
nonlinearly as temperature increases within a temperature range of 333 ~373 K. However, 
the electrical resistance of the sensors decreases as CNT content increases. Moreover, the 
electrical resistance change rate of the sensors increases nonlinearly as temperature and 
CNT content increase within a temperature range of 333 ~ 373 K. 
  iii 
Interestingly, it can be found that the electrical resistance change of the sensors increases 
nonlinearly as temperature increases. However, the electrical resistance change of the 
sensors increases by different magnitudes for different CNT contents within a temperature 
range of 333 ~ 373 K. Among them, the maximum electrical resistance change of the 
sensors occurs at the CNT content of 3 wt%. Furthermore, the accuracy of the present 
sensor with the value of 0.00025 K, i.e., 1 K temperature change versus 4000Ω, is much 
higher than those of traditional temperature sensors. Moreover, by combining a 3D 
statistical resistor network numerical model with the above multi-scale model for thermal 
expansion analysis, the temperature-dependent piezoresistivities of the CNT/polymer 
nanocomposite temperature sensors were explored extensively. Temperature-dependent 
tunnelling effect modelling in the 3D statistical resistor network model was further 
proposed to explain the above experimentally observed phenomena. This finding is 
valuable to the development of nanocomposite based temperature sensors possessing 
ultrahigh performance. 
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CNT???????????????????1???????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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???????????????????? CNT??????????????? 
 
????????CNT??????????????????????????
?????CNT/Polymer???????????????????????????
???CNT???????????????????????? 
 
?3?CNT????? 
CNT??????? CNT?????????????????????????
????????????????????????????????????
SWCNT ?????????????????????????????????
????? S. Berber?[42]? S. Maruyama?[43]???????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????? SWCNT ????????????????????????
??????????????????????? B. Li ?[44]????????
?? 
??????????? 1 ???????????????????????
???SWCNT ??????????????????????????????
??? SWCNT ?????????????????J. Hone?[45]???????
???SWCNT ??????????????????????????????
????????????????????????????SWCNT ?????
1 ????????????????????????????????????
?????????????? SWCNT ??????????????????
????????????????????????????? SWCNT ????
??????????? T. Yamamoto?[46]?????????? 
???J. Hone?[47]??SWCNT ?????? CNT ????????? CNT ?
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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??? Bucky paper ???????? μm ??????????????????
?????????????????????????????????????
????????????????????????????????? SWCNT
???????????????????????????? 5μm ??????
?????????????? 10K ???? 400K ??????????????
??300K ??????? 200 W/mK ?????????????????????
??? MWCNT ??????L. Shi?[48]??????????????????
???????Scanning Thermal Microscopy: SThM??????????????
??????????????SWCNT???????????????? 
????????????????????????????????????
????300 K ???? 6600 W/mK ????????????????????
??????????????? Green-Kubo ????????????????
??????????????????? J. Che?[49]? M. Osman?[50]????
?????????????????????????????????????
????????????S. Maruyama?[51, 52]???? Tersoff-Brenner?[53, 54]
????????????????????????????????????
????????????SWCNT ?????????????????SWCNT
?????????????????????????????????????
????????????? 
????????????????????????????????????
?????????????????????????????G. Chen?[55]??
????????????????????????????????????
???????????????M. Matsumoto?[56]?????????????
??????????????????????????????? ?????
??????? Umklapp ?????????????????????????
?????????????????????????????????????
??????????????(Thermal Boundary Resistance)??????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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???????????[57]????????????????????????
??????????????????????????????????????
[57]???????????????????????????????????
?????????????????????????????????????
??????????????????????? SWCNT ?????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????SWCNT ??????????????????????????
?????????????????????????????????????
?????????????????????????SWCNT ????????
????????????????????????6600W/mK ????????
??????????? 
??????? CNT ??????????????????????????
??????????????????CNT ?????????????????
?????????????????Stone-Wales???????????????
????????A. Hashimoto ?[58]????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????? 5 ????????????????????????? Y. 
Miyamoto ? [59]????????????????????????? 5 ???
?????????????DB???????????? 5-1DB ???????
???????T. Yamamoto?[60]??????????? CNT????????
?????????????????????????????????????
???? 5-1DB ?????????????????????????????
???????CNT????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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??????????????????????????????? CNT ???
??????????????????????????? 
???? CNT ?????? CB ??????????????????????
?????????????????????????????????????
?????????????????????????????????????
???CNT??????????????? H. Shioya?[61]? W. Norimatsu?[62, 
63]????????????????????????????????????
??????T. Iwai?[64]?????????????????????????
?????????????????? 
?????CNT/Polymer ??????????????????????????
CNT ?????? Polymer ???????????%?? 100%????????
?????????????CNT??????CNT??????????????
?????????????????????????????????????
? A. Yu?[65]??SWCNT?????????????????????????
????????????????????????????????? SWCNT
????????????????? SWCNT? Epoxy????????????
?????????????????? SWCNT????? Epoxy???????
?????????????? SWCNT???????????????? 5??
??????? 
 
????????CNT??????????????????????????
???? CNT ??????????????????????????????
???????????????????CNT????????????????
?????????????????? 
 
?????? ???????????????????
????????????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
 14 
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????MEMS ????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????  
 
?1?????±0.01 K?298 K? 
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????±0.01 K ?????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????????????????? 
 
?2?????????? 10 ??? 
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????????? 
 
?3???????????? 3850ppm/K?? 
??????1 K????????????????????????????
????? 2???????????????????????????1 K ??
????????????????????????????????1 K ???
?????????????????Temperature Coefficient of Resistance: TCR??
????ppm/K????????????????????Pt100???273 K??
??? 100Ω?????? TCR??3850ppm/K?273 ~ 373 K????????±0.1 
K ???????????????????±0.01 K ?????????????
???????????????????????? 1 K ???????????
???????TCR ????????????????????TCR? 3850ppm/K
???????????????????????? 
 
?4??????±0.01 K/??298 K? 
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????? 
 
?5??????0.01 K?? 
????????????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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?????????????????????????????????????
????×??×??????????1 K ??????????????????
?????????????????????????????????????
??????????????Pt100? 1 K ????????????100 Ω??
?? 0.4 Ω?????????? 1 mA ??????????? 0.4 mV ?????
?????????? 1000 Ω????1 K ???????????? 4 Ω???
????????? 0.4 mV ??????????? 0.1 mA ???????????
???? 1mW/K?φ1 ???????????????????????????
?????? 
100Ω×1mA×1mA÷1mW/K?0.1K ? ? ?     ? ? ? ? ? ? ? ? ? ? ? ? ?     (1.1) 
1000Ω×0.1mA×0.1mA÷1mW/K?0.01K  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?     (1.2) 
???????????????????100 Ω???? 0.1 K ??1000 Ω??
?? 0.01 K ????1000 Ω?????????????????????????
?????????????????? kΩ ?????????????????
????????????????????????????????????
????????????????? kΩ ??????????????????
Pt100?????±0.15 K???????????????????? Φ3.2 ???
?JIS C1604??????????????????? 10 mW/K ????1 mA??
???????????????????? 0.01 K ????±0.15 K ??????
?????????????????????????????????????
?????????????????? Pt100 ??????? 1 mW/K ?????
?????????±0.01 K ?????????????????????????
1 mA ????????0.1 K ????????????????????????
????????????? 0.01 K????????????????????? 
 
????????????????????????????????????
??????????????????100Ω ????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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???????????????? TCR???????????????????? 
 
?????? ????????????????????
????????????????????????????????????
??????????CNT?????????????????????????
??????????????????? 
 
?1???????? 
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????? 
 
?a?1998?? J. Ode?[67]?????6 ??????????????????
????????????????????????150 °C??1000 h ?????
????0 ~ -0.2 K ????????????????????????????
????????????????5 ???????? 
 
?b?2003?? T. Imamura?[68]???????????????????600 °C?
3 h ??????????TCR ???????????????????????
????????Al2O3?MgO? 3?????????????????Si ???
?????????????????????????????????????
???????? 
 
?c?1982?? K. Ogata?[69]??350 °C?500 h ??????????????
??0.1 %??(0.25 K)?????????????3×30×1 mm ?????????
????????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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?d?1980?? D. Timmins?[70]??250 °C??1000 h?1 mA ????????
???????0.1 K ?????????????????????????(99 %)
? 5 ????????????????? 5700 Å??????????????
?? 25 Å ????????????????????????????????
????????????????????????????????????
?????????????????????Φ2.3×Φ5.3×2.6 ?????????
?? 
 
?e?1995?? J. Foerster?[71]??900°C???―?????????????
???????????????310°C???Pt100 Ω??? TCR???????
????????? 4 μm ? n? Si?????????????????????
? Ti ?(200  Å)?????????????800 Å??????????????
??????????????????? Ti ???????????????? 
 
?f?2003?? M. Mihash?[72]??????????? 0.127?0.25?0.5 mm ?
??????????? 0.7×0.9?2.8×3.3 mm ????????????????
??????????? 100°C????????????0.7×0.9 mm ??????
0.079 ??????????????????????????????????
????????????????? 
 
?????????????????? 200°C???????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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 ?2?????????? 
?????????????????????????? Ni ????????
???????????? 
 
?a?1996?? B. Suleiman?[73]??Ni ??????????????????
???????????????Ni ??????10 μm ??????? 25 μm ?
?????????????? Φ20 mm ?????????50 ~ 300 K ?????
??????5000 ~ 11000 ppm/K?0.005 ~ 0.01/K?????????? 0.7 ~ 5.3 Ω
?????????????????????????????????????
?????????????????????????????????????
??????????? 
 
?b?1998 ???????????????????????????????
??????????????????????????? mm ????????
? 5 Ω ~ 1 kΩ????????????????125 °C?1000 h?? ±1 %?±1.6 K?
??????????????????????????? TCR ???????
? TCR ? 6800 ppm/K?0 ~ 100 °C??????????6590 ppm/K ???? 
 
?c?2008?? S. Ichida?[74]??Ni???????????????????
???????????????? 99.98 %???? Ni ???????????
????????? Ni ????????????????????????
0.7×8×0.3 mm ??????????????? Φ1×30 mm ???????????
??????????????1000 Ω???????????????????TCR 
??0 ~ 25°C????? 6000 ppm/K?0 ~ 100 °C????????????? 6600 
ppm/K ?????????????? 8 ????????????0.9 ?????
??????????????????????????????±0.01 K ???
?????????????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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????????????????????????????????????
????±0.0005 K ????????????????????????????
??????????????? 20 °C?25 °C?30 °C??????????? 2 ?
???????20 ~ 30 °C?????±0.001 K ????????????????
????????? 2 ?????0.004 K ??????±0.01 K ????????
?????????????????????????????????±0.01 K/
??????????????????? 
??????????????????????? 2 ????????????
???????????????????????3 ???????????? 1 ?
????? 0.3×?? 35×?? 0.05 mm?????????????????????
?????????????????????????????????????
Ni ???????????????????????????????????
?????????????????????????????????????
??????????????????????????????? 3×?? 8×?
? 0.05 mm????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????? 3×?? 8×??
? 0.1 mm?????????????????????????????????
??????????????1 ??? 0.01 K ???????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????? 
????????????????????????????????????
??????????????????????????Ni ?????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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????????????????????????????????????
??????????????????????? 
 
?3??????????? 
????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????? 
 
?a????????????????250 °C ? 350 °C???????????
±0.02 K ????????????????????B?????-???????
? 2???????????????????????????????????
????????????????????????? T. Simotuma ?[75]???
?????????? 
 
?b??????????????????????????????????
?????????????????????????????????????
????????????????????????????? 
 
?c?W. McLennan?[76]????????????? 1975 ?????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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?????????????????????????????????????
?????6 μm ?????????????????????????????
?????????????????????????????? 3??????
?????????????????????????????????????
??????????????????????? 
 
?d?1990?? R. Metz?[77]??125 °C?1000 h??????????????
????????????NiO/CuMnO2 ???????????????????
??????????????????????Ba ?????????? BaMnO3 
???????????????????????? 2 %????????? 25 μm 
???????????????????????????? 
 
????????????????????????????????????
???????????????????????Φ1 ????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????? 
?
?
?
?
?
?
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
 23 
???? ??????
CNT ?????????????????????????????????
?????????????????????????????????????
??CNT?????????????????????????CNT/polymer??
????????????????????????????????????
????????? 
 
?????? ?????????????????
?????CNT?????????????????????????????
??????????????CNT?????????????????????
????????????CNT???????????????????????
????????????????????????????????????L. Xu
?[78]??? MWCNT/Cu ?????????????Cu ???????????
????5 wt%???????? Cu???????? 19.03×10-6 K-1?? 5.76×10-6 K-1
?????????????????S. Uddin ?[79]?????????????
??????????????????????????????????
MWCNT??????????????Cu? Al???????????????
?????????????-155 ~ 275 °C?????0.5 wt%? MWCNT????
MWCNT/Cu???????????? 275 °C??????? 5%??????3 wt%
? SWCNT???? MWCNT/Al???????????????? 20 %????
????????????? 
???????????????? Y. Gao?[80]??????????????
?????????????????????????????????????
?????????????????????????????????????
????CNT??????????Ga????????????????????
?????????????????????????????????????
?????????????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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????? 1000°C ????????????????????????????
??????????????????????????C. Kuo?[81]? CNT??
????????????????????????? 20 °C?? 160 °C????
?????????????????????????????????????
?? 
CNT ?????????????????????????????????
?????????????????????????????????????
????????????????????CNT???????????????
??????????????CNT?????????????????????
????? 
?????????????????????R. Ruoff ?[82]??CNT ????
???????????????CNT ???????????????????
1997???S. Bandow ?[83]??MWCNT?????????XRD?X-ray Diffraction?
?????????? 220 K????MWCNT????????????2.9±0.4?
×10-5/K???????????????2001???Y. Maniwa?[84, 85]??XRD
??????????????????????? MWCNT ???????
SWCNT????????????????MWCNT?????298 K?? 873 K?
????????????????????? 1.6×10-5/K ?? 2.6×10-5/K ????
???SWCNT?????300 K?? 950 K??????????????????
?????-1.5±0.20?×10-5/K???????????? 
???Y. Yosida?[86]?XRD????290 K?? 1600 K?????????SWCNT
??????????????????? SWCNT??????????????
??????????A. Dolbin?[87, 88]??SWCNT?????????????
?????????2.2 K?? 120 K??????????????????SWCNT
????????????? 7mm??? 10mm????????????????
?????????? 90%????????? 1.1 nm??? 5 ?? 30 μm???
SWCNT?????????????????????????? 120K?????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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????? 9.5×10-6 /K ????????????????Xe ????? SWCNT
??????????????????Xe??????????????????
??????????????? 
????????????????????????CNT??????????
?????????????????????? CNT???????Coefficient of 
Thermal Expansion: CTE???????????????????????????
???????????????????J. Jiang?[89]????????????GF?
???????SWCNT? CTE???????????????????????
????????????????SWCNT? CTE??????????????
??????????????????500 K??????????????500 K
?????????????????????? CTE ????? CTE ?????
????????????????????????0 K?? SWCNT ?????
??????????????????? 1 %????????????? 
???H. Jiang?[90]???????????????????Analytical Method?
??????? SWCNT? CTE????? 0 K?? SWCNT ??????? 1 %?
?????????????????????????????????????
?????????????????????????????????????
????????????[89]??????????????? 
C. Li?[91]?????????The Molecular Structural Mechanics Approach???
??SWCNT ????????????????????????????? 2 ?
???????????????????????????? 
??????????Molecular Dynamics: MD??? CNT??????????
?????????????????????????N. Raravikar?[92]??SWCNT
? CTE? MD???????????????????????????????
CNT????????????????????????????????????
??????? 1.34 nm????????????? 4%????????? 0.89 nm
????????????? 10 %?????????????????G. Cao?[93]
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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? MD??? SWCNT? CTE?????SWCNT???????????????
?????????????????????????M. Prakash?[94]??Zigzag
? SWCNT ? CTE ???? MD ??????????????0K ?? 900K ??
???????????? CTE???????? CTE????500K??????
????????500K??????????????????? 
 
????CNT ????????????????????????????
CNT/polymer????????????????????????? 
 
?????? ??????????????????????????????
????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????Epoxy
?????????????? wt????????????? Epoxy??????
?????????????????????????????????????
??????????????????? T. Imai?[95]????????????
??????????????CNT?????????? Polymer ???????
?????????????? CNT/ Polymer?????????????????
?????????????????????????????TMA??????
??????????????????????????????????  M. 
Hsiao?[96]?MWCNT/Epoxy?????????????? TMA???????
?????????????????????????????????????? 
???CNT/Polymer ???????????????????????????
????????????????????????????????????
??????????S. Stephens ?[97]????????FEM?????????
?Composite Cylinders Method???????????????????????
CNT/Epoxy?????????????? CTE??????C. Wei?[98]? MD?
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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????CNT/Polymer?????????????????????????Polymer
????????The Glass Transition Temperature: Tg??????????????
??????????????????????????????????????  
 
???????CNT/Polymer????????????????????????
???CNT????????? CNT/Polymer?????????????????
????????? 
 
?????? ????????????????????
?????CNT???Bucky paper??????????????????????
B. Crawford?[99]??????????Ultra-Small-Site?CNT?????????
?????Ultra-Small-Site?????????? CNT?????????????
???????2 ???????? SWCNT ?????????????????
?????????????????????????????????????
??????? SWCNT ????????????SWCNT ??????????
????????????????????????????????????? 
???N. Koratkar ?[100]?????????? MWCNT ??????????
???????????????-150 ~ 300 °C????????????????
??????????????????? MWCNT??????????????
????????????????????????????20 ~ 300 °C????
?????????????????????????????????????
?? MWCNT ???????????????P. Mahanandia ?[101]??MWCNT
????????????????????MWCNT?????????????
???????????????????????????????C. Kuo?[102]
??MEMS ??????????? 2 ??????? CNT ??????????
????? CNT ?????????????????????????????
??????????? CNT?????????? SEM???????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
 28 
??????????????? CNT??? I-V???????????????
???????????????????? CNT ??????????????
?????????????????? CNT?????????????????
????? CNT ?????????????????????????????
??T. Barnes?[103]??SWCNT??????????????????????
????????????????? SWCNT????????????????
SWCNT???????????????????????????N. Inomata ?
[104]??SWCNT ?????????????????????????????
?????????????????????? SWCNT???????????
???????? SWCNT ?????????? 1.2 ? 1.3 ??????????
????? 
 
??? CNT ??????????????????????????????
???????CNT/Polymer ????????????????????????
????????????????????????????? CNT/Polymer??
????????????????????????????????????
??? 
 
 
 
 
 
 
 
 
 
 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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???? ??????????
?????????????????????????????CNT ?????
CNT ??????? CNT/Polymer ?????????????????????
???CNT/Polymer ????????????????????????????
???????????????? 
 
????????????? 
?1???????????????????SWCNT? MWCNT? CTE???
?????????????????????? 
a?Armchair?? SWCNT? CTE??? 
b?Zigzag?? SWCNT? CTE??? 
c?Chiral?? SWCNT? CTE??? 
d?MWCNT? CTE??? 
?2???????????????CNT/Polymer ?????????????
?????????????????????????????????
???????????? 
a?????????????? CNT/Polymer?????????????
??? 
b?????????????? CNT/Polymer ????????????
???????????????????????? 
?3?????????????? CNT/Polymer ??????????????
??????????????????????????????????
?????????????????? 
a??????????????? CNT/Polymer????????????
???? 
b?CNT/Polymer?????????????????????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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???? ???????
?????? 6?????????????????????????????
?? Figure 1.1???? 
 
?1??      ??????????????????????????????
?????????????????? 
?2??      ??????????????????? 
?3??      ??????????????????????????????
?????? 
?4??      ?????????????????/????????????? 
????????????? 
?5??      ??????????/????????????????????
???????? 
?6??      ?????????????????????????????? 
 
 
 
 
 
 
 
 
 
 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? 1?  
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Figure 1.1. Flowchart of research work 
? ?????LCR?? CNT/Polymer????????? 
???????3D? ? CNT/Polymer??????????
???????????? 
???????FEM?? CNT/Polymer??????????
? ?????TMA?? CNT/Polymer????????? 
???????MD?? SWCNT? CTE????
???????MD?? MWCNT? CTE??? 
???????????? 
? ?????????? 
????????????????????????
?????????????
????????????????? 
? ? ??
? ? ??
? ? ??
? ? ??
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???? ????????
?????? ?? 
??????????????????? CNT? MWCNT???? 
MWCNT??????????????????? 
MWCNT?NT-7?????????????Hodogaya Chemical Co., Ltd., Tokyo, 
Japan??MWCNT????? Table 2.1???? 
 
Table 2.1. Structural and physical properties of MWCNT 
Properties Value 
Outer diameter 65 nm 
Aspect ratio >100 
Bulk density 0.007 g/cm3 
Real density 2.1 g/cm3 
Specific surface area 28 m2/g 
D/G rate 0.1 
Burning temperature 873 K 
Purity as Carbon (%) 
(Carbon Purity?CNT Purity) 
>99.5 
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??????????????????? Polymer? Epoxy???? 
Epoxy??????????????????? 
Epoxy?jER806?Bisphenol-F epoxy resin???????????Mitsubishi Chemical 
Corporation?Tokyo, Japan??Epoxy????? Table 2.2???? 
 
?????????????????????? 
??????????Tomaido 245-LP?????????????????T&K 
TOKA Co., Ltd, Tokyo, Japan???????????? Table 2.3???? 
 
Table 2.2. Structural and physical properties of epoxy resin 
Properties Value 
Gardner 3 max 
Viscosity 15 ~25 (P/298 K) 
Equivalent 160 ~170 (1/g) 
Outward appearance Liquid (298 K) 
Specific gravity 1.20 (298 K) 
Burning temperature 803 ~813 K 
 
Table 2.3. Structural and physical properties of Tomaido 
Properties Value 
Gardner 12 max 
Viscosity 200 ~500 (mPa∙s/298 K) 
Equivalent 40 ~60 (100 Epoxy) 
Outward appearance Liquid (298 K) 
Specific gravity 0.95 (298 K) 
Burning temperature 487 K 
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?????? ?????
????????????????????????????????????
???????????????????????????????LCR????
????????????????????????????? 
 
?1????????AR-100??????????THINKY CORPORATION, Tokyo, 
Japan?????????? Figure 2.1??????? Figure 2.2???? 
AR-100 ???????????????? 2 ???????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????AR-100????????????????? Table 2.4???? 
AR-100???? 
a? ????????????????? 
b? ???????????????????????????? 
c? ????????????????????????? 
d? ??????????????????? 
e? ??????????????????????????? 
 
 
Figure 2.1. Planetary mixer 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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Table 2.4. Specification and material objects of AR-100 
Specification of AR-100 
Dimensions H328×W250×D250 mm 
Weight Approx. 15 kg 
Capacity 50 ml∙100 g (net), 50 ml∙140 g (gross) 
Object material of AR-100 
Electronic materials 
Epoxy resin, adhesive, conductive paste, insulating paste, 
semiconductor material 
Dental materials Silicone adhesive 
Cosmetic materials Foundation, lipstick, lotion 
Pharmaceutical materials 
Prepared suspension, poorly water-soluble compounds (nan- 
prepared, grinding), hyaluronic acid 
Advanced materials Carbon nanotubes, carbon nanofibers, ceramic materials, 
inorganic materials, Polymer, biomaterials 
Ointment Dispensing of medicine ointment, formulation 
Paint UV ink 
 
Figure 2.2. Schematic of planetary mixer 
 
?2???????AVO-250N??????????AS ONE Co., Ltd, Osaka, Japan??
???????? Figure 2.3????? Table 2.5???? 
 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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Table 2.5. Specification of AVO-250N 
Item Specifications 
External dimensions H638×W414×D393 mm 
Internal dimensions H250×W250×D250 mm 
Weight Approx. 33 kg 
Heating methods Cylinder block heating methods 
Content storage 15 L 
Temperature setting range 313~493 K 
Vacuum degree range 0.1?101 kPa 
Timer function ON-delay, OFF-delay, ON/OFF timer 
Program features 16 Steps, 8 patterns 
Control scheme PID control, SSR output, K-type thermocouple ×2 
Heater capacity 800 W 
Power AC100 V, 50/60 Hz, 8A 
 
Figure 2.3. Vacuum oven used in experiments 
 
AVO-250N???? 
a? ??????????????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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???????????? 
b? ?????????? PC????????????? 2 ????????
? 
c? ????????????????????????????????? 
d? ??????????????????????????????????
?? 
e? ???????????? 
f? ?????????????????????????????????
?? 
 
?3??????????JSM-6510A??????????JEOL Co., Ltd, Tokyo, 
Japan?????????? Figure 2.4????? Table 2.6???JSM-6510A ???
?????????????? (EDS) ????????EDS ??????SEM ?
?????????????????????????????????????
???????????????????? 
 
 
Figure 2.4. Field emission SEM 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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Table 2.6. Specification of JSM-6510A 
Item Specifications 
Resolution 
3.0 nm (30 kV) 
8.0 nm (3.0 kV) 
15.0 nm (1.0 kV) 
Accelerating voltage 0.5~30 kV 
Magnification ×5~ ×300,000 
Filament Pre-centered W hairpin filament 
Objective lens Super conical lens 
GS Type stage 
Eucentric goniometer 
X=20 mm, Y=10 mm, Z=5~48 mm 
R=360° (endless) 
Tilt -10/+90 ° 
Objective lens apertures Three position, controllable in X/Y directions 
GS Type stage 32 mm full coverage 
LGS Type stage 125 mm dia. full coverage (152.4 mm dia. loadable) 
LGS Type stage 
Eucentric goniometer 
X=80 mm, Y=40 mm, Z=5~48 mm 
R=360 ° (endless) 
Tilt -10/+90 ° 
 
JSM-6510A???? 
a? ???????????????????????????????? 
b? ??????????????????????????????????
????????????????????????????????? 
c? ???????????? 2 ????????????????????
????????????????????????? 
d? ?????????????????? SEM ????????????? 
e? ??????????????????????????????????
??????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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f? 3D Sight (?????) ???????????????? ???????
???????????? 
g? ??? Diffusion ???????????????Diffusion ???????
????????????????????????????? 
 
?4?????????TMA-50?SM-6510A???????????SHIMADZU 
CORPORATION, Kyoto, Japan??????????????????????????
????????? ???????????????????????????
??? Figure 2.5????? Table 2.7???? 
TMA-50???? 
a? ??????????????????????????????????
?????? 
b? ??????????????????????????????????
??????5mm??????????????????????????
???? 
c? ??????????2 ???????????????????????
???????????????????? 
d? ???????????????????????????? 
 
 
Figure 2.5. Thermomechanical analyzer 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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Table 2.7. Specification of TMA-50 
Item Specifications 
Dimensions H880×W367×D624 mm 
Weight Approx. 45 kg 
Temperature range Ambient ~ 1273 K 
Sample dimensions 
Φ8×20 mm max 
W5×T1×L20 mm max (Film) 
Load on sample ±5 N 
Measurement range 
±2500 μm, ±250 μm (Displacement) 
±500 g, ±100 g (Load) 
Rate of temperature rise ±0.1~99.9 ºC/min, ±0.1~99.9 ºC/h 
 
Figure 2.6. Bench-top type temperature (& humidity) chamber 
 
 
?5?????????SH-240S1???????????ESPEC Co. Ltd., Osaka, 
Japan?????????? Figure 2.6????? Table 2.8??? 
 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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Table 2.8. Specification of SH-240S1 
Item Specifications 
External dimensions H690×W440×D740 mm 
Internal dimensions H300×W300×D240 mm 
Weight Approx. 80 kg 
Temperature range 233 ~ 403 K 
Humidity range 30 ~ 95 %RH 
Accuracy of temperature 
±0.3 K (233~373 K) 
±0.5 K (373~403 K) 
Accuracy of humidity ±3 %RH 
Temperature rise time 233 ~ 403 K, Within 70 min 
Temperature drops time 293 ~ 233 K, Within 70 min 
Cable holes Φ25 mm ×1 (right side) 
Control scheme PID control, T-type thermocouple ×1 
Heater capacity 400W 
Power AC100V, 50/60Hz, 15A 
 
SH-240S1?????? 
a? ???????????????????????? 
b? ?????????????????????????????? 
c? ???????????????????????????? 9 ?????
???????????????? 
 
?6?LCR??????LCR? HiTESTER 3522-50??????????HIOKI E.E. 
CORPORATION, Nagano, Japan?????????? Figure 2.7????? Table 2.9
???? 
LCR? HiTESTER 3522-50 ????????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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DC ?? 1mHz?100kHz ???????????????????????0.08?
?????????????????????????????????????
?????? 5ms ??????????? 
LCR? HiTESTER 3522-50?????? 
a? ??????????? 
b? ?? 5 ms ????? 
c? 14 ??????????  
d? DCR ???????????/?? 
e? ?????????? 
f? ???????????? 
g? 30 ???????????4 ?????? 
h? ????????????? 
i? ???????DC ?????? 
 
 
Figure 2.7. LCR HiTESTER 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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Table 2.9. Specification of LCR HiTESTER 3522-50 
Item Specifications 
Dimensions H125×W313×D290 mm 
Weight Approx. 4.5 kg 
Examination of parameters 
?Z?, ?Y?, Rp (DCR), Rs (ESR, DCR), 
G, X, B, Cp, Cs, Lp, Ls, D (tanδ), Q 
Examination range 
|Z|, R, X: 10.00 mΩ ~200.00 MΩ 
θ: -180.00 ~+180.00 º 
C: 0.3200 pF ~1.0000F 
L: 16.000 nH ~750.00 kH 
D: 0.00001 ~9.99999 
Q: 0.01 ~999.99 
|Y|, G, B: 5.0000 nS ~99.999 S 
Basic accuracy Z: ?0.08 %rdg., θ: ?0.05 º 
Measurement frequency DC, 1 mHz ~100 kHz 
Signal level measurement 
10 mV ~5 V rms 
10 μA ~100 mA rms 
Output impedance 50 Ω 
Power AC100V/120V/220V/240V, 50/60Hz, 40VA 
 
?
???? ?????
??????MWCNT ???????????Polymer ???????????
?????????????????????????????????????
??? Figure 2.8????  
????????????????????????????? 
???????????????? 
?1?? ???? Polymer ???????? 5:3 ?????????????
2000 rpm?1 min???? 
?2?? ????1????????????? MWCNT?????2000 rpm?
? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2?  
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10 min ????2000 rpm? 1 min ???? 
?3?? ?????2???????????????????????????
?????????????????????353 K? 2 h??????
??????????? 200μm???????????????? 
?4?? ????????????????????????????????
??????????? 
?5?? ???????????4????????????? Ag ?????
??????????????? 
?6?? ???????????5???????? 353 K? 5 ~10 min???
??????????????? 
 
 
Figure 2.8. Schematic of experimental procedure 
 
  
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
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? ??? ???????????????????
??????
? ? ?? ???
CNT ??????????????????????????????????
?????????????????????????????????????
????????[1-7]?????CNT ?????????????????[1,2]
???????[6-8]??????????????????? CNT ??????
??????????????? CNT ???????????????????
????????????????[9]????????????????????
??????[10]??? CNT????????????????????????
?????????????????????????????????????
???????????????????CNT???????Coefficient of Thermal 
Expansion: CTE?????????????CTE???????????????
????? 
?????CNT?????????????????????????????
?????????????????????MD??????????????
??????????????????????????SWCNT? CTE????
?????????????????????????????H. Jiang?[11]??
?????????????????????????????Analytical Method?
??? SWCNT? CTE???????????????N.R. Raravikar ?[12,13]??
MD??????????? SWCNT? CTE?????????????????
????????????????? SWCNT? CTE?????????????
???? CTE ????????????????SWCNT ? Si ????????
??????????????????????????????????SWCNT
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
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? CTE????500 K????????????????????????500 K
?????????????????????????????????????
?????????????????????????????????????
???????????? SWCNT??? CTE????????????????
????????????????????MWCNT ? CTE ??????? CTE
???????????????????? 
????????? MD ????????????CNT ? CTE ???????
?????????????????????????????????????
?????????????MS???????? CNT/Polymer ????????
????????????????????????????????????
????? 
3.2????CNT??????????? 
3.3????MD??????????? CNT? CTE??????????? 
3.4????????????????? 
3.5????????????? 
?
???? ?????????????[14]?
???????CNT ??????????????????????CNT ??
?????????????????????????????????? Figure 
3.1????  
 
 
Figure 3.1. Schematic of graphene sheet to form a single-walled carbon nanotube [15] 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
 59 
 
Figure 3.2. Model of CNTs (a: SWCNT, b: DWCNT, c: TWCNT, d: 5WCNT) 
 
 
Figure 3.3. Geometric structure of an SWCNT 
 
 
Figure 3.4. Geometric structure of (6, 3) SWCNT 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
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???SWCNT?DWCNT?TWCNT??? 5WCNT?????????? Figure 3.2
????SWCNT ??????? Figure 3.3 ?????????????????
????????????????????????????SWCNTs?????
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?????????????????????????? sp2 ?????????
??? 1 ???? 1 ?? π ??????????????????????π ??
????????
 
k ,x yk k ?????????Hückel ???????????
Tight-Binding????????????????????????? GE ??? k?
??????????????? 
 
 
 
2 0 kk
1 k
p
G
w
E
sw
 



? ? ?                    ? ? ?                      (3.2) 
   
2 23k k 1 4cos cos 4cos
2 2 2
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??????????± ?+ ? π ????- ? π* ??????????????
????????? Figure 3.5a????????????????π/??????
?????????????????????????????????????
???????????????????????Figure 3.5a?????????
????Figure 3.5b???????????? π???? π*??????????
??? 0E  ?K???????????????????????????????
???????????????????????Electronic Density of States, 
eDOS?????SWCNT??????????????????????????
?????????????????????????????????????
????????????????Figure 3.6????????? K2??????
???????????????????????????  
 
 
Figure 3.5. Brillouin zone and energy dispersion relation of graphene 
 
Figure 3.6. Expanded brillouin zone of an SWCNT 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
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Figure 3.7. Metallicity dependence on chirality 
 
Figure 3.8. Electronic density of states and geometric structure of SWCNT 
 
????????????????????????????????????
??????????????????n, m?SWCNT ????????????
???? π ???? π*????????? K ????????????????
????? K?????????????K???????????? 
??? SWCNT????????????????????????n-m ? 3?
??????????????????????? SWCNT??????Figure 3.7?
??????? SWCNT ?????SWCNT??????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
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????????????????????????n = m ?????Armchair??
?n, 0?????? Zigzag??????????? Chiral? SWCNT??????
Figure 3.8????? 3??? SWCNT???????????SWCNT?????
????????????????????????????????????? 
?
???? ????????? ??????????
?????? ??????????????????
MD ?????????? Ensemble ????????????Ensemble ???
?????NPT?NVT?NVE ???????????? 3 ?? Ensemble ????
????? 
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?2????????????NPT?[16] 
????N?????V?????T????????? NPT ??????? P ?
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? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 3?  
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?????? ???????????????????
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Figure 3.9. Lennard–Jones potential 
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Figure 3.10. Phantom molecules on constant temperature 
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Figure 3.11. CNT thermal expansion and anharmonic effect 
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Figure 3.12. Schematic view of a SWCNT model & sampling distance for evaluating CTE 
 
Figure 3.13. Image for searching for the initial equilibrium state 
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Figure 3.14. Comparison of various CTEs for a zigzag SWCNT (9, 0) 
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Figure 3.15. CTE of armchair SWCNTs versus temperature (the integers in first brackets 
(n, m) are chirality indices of CNTs, the decimals in second brackets (a.b nm) 
are the diameter of CNTs, the units are nm) 
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Figure 3.16. CTE of zigzag SWCNTs versus temperature (the integers in first brackets (n, 
m) are chirality indices of CNTs, the decimals in second brackets (a.b nm) are 
the diameter of CNTs, the units are nm)  
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Figure 3.17. CTE of chiral SWCNTs versus temperature (the integers in first brackets (n, 
m) are chirality indices of CNTs, the decimals in second brackets (a.b nm) are 
the diameter of CNTs, the units are nm, the symbol of “S” is for 
semi-conductive chiral SWCNTs, and “M” is for metallic chiral SWCNTs) 
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Figure 3.18. Influence of diameter on CTEs of armchair and zigzag SWCNTs within 1 K ~ 
301 K, (a): armchair SWCNTs, (b): zigzag SWCNTs (Emp.: the results of 
empirical formulation, MD: the results of MD simulation) 
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Figure 3.19. Influence of diameter on CTEs of armchair and zigzag SWCNTs within 301 K 
~ 901 K, (a): armchair SWCNTs, (b): zigzag SWCNTs (Emp.: the results of 
empirical formulation, MD: the results of MD simulation) 
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Figure 3.20. Influence of diameter on CTEs of chiral SWCNTs (M: metallic SWCNTs, S: 
semi-conductive SWCNTs)??
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Figure 3.21. Comparison of CTEs by using empirical formulation and MD simulation 
within 301~901 K, (a): armchair SWCNTs, (b): zigzag SWCNTs (Emp.: the 
results of empirical formulation, MD: the results of MD simulation) 
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Figure 3.22. Comparison of CTEs of armchair, zigzag and chiral SWCNTs (the symbol of 
“A” is for armchair SWCNTs, the “Z” is for zigzag SWCNTs, and the “C” is 
for chiral SWCNTs, the figures in front of “(M)” are CNT’s diameters, and 
the symbol of “M” is for metallic SWCNTs) 
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Figure 3.23. CTEs of two DWCNTs and their constituent SWCNTs 
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Figure 3.24. CTEs of two TWCNTs and their constituent SWCNTs. In the figure (a), T.: 
TWCNT (40, 40), S. 1: SWCNT (40, 40), S. 2: SWCNT (50, 40), S. 3: 
SWCNT (60, 40), A. S.: average of SWCNTs (40, 40), (50, 40) & (60, 40). In 
the figure (b), T. TWCNT (72, 0), S. 1: SWCNT (72, 0), S. 2: SWCNT (81, 0), 
S. 3: SWCNT (90, 0), A. S.: average of SWCNTs (72, 0), (81, 0) & (90, 0)??
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Figure 3.25. Comparison of CTEs of DWCNTs and TWCNTs with armchair SWCNT as 
innermost walls, (a): influence of temperature on CTEs, (b): influence of 
diameter on CTEs, T.: TWCNT, D.: DWCNT 
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Figure 3.26. Comparison of CTEs of DWCNTs and TWCNTs with zigzag SWCNT as 
innermost walls, (a): influence of temperature on CTEs of DWCNT and 
TWCNT, (b): influence of diameter on CTEs of DWCNT and TWCNT, T.: 
TWCNT, D.: DWCNT 
?
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Figure 3.27. Comparison of CTEs of DWCNT and TWCNT versus temperature 
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Figure 3.28. Comparison of CTEs of MWCNT with SWCNT (20, 20) as innermost wall 
versus temperature 
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Figure 4.1. Image of multi-scale modelling [11] 
 
  
Figure 4.2. Image of multi-scale modeling the present studies 
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Figure 4.3. Unit cell model 
 
Figure 4.4. Radius equivalent relation of fiber using plane-strain model 
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Figure 4.5. Global and local components 
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Figure 4.7. Schematic of multi-directional numerical model 
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Figure 4.8. Thermal expansion rates of CNT and polymer 
 
CNT??????????? 3????????????Nano or atomic scale?
? MD?????????????????[20]???????Polymer?????
??????? 2 ??????????????????????????TMA
??? 303 K?? 393 K???????? Polymer??????????????
????????? Polymer? Epoxy????CNT? Polymer?????????
Figure 4.8 ????????????CNT ?????? 303 K ?? 393 K ???
6WCNT?40, 40?????????????? 
? 3?????????MWCNT?????????????????????
?????????????????????????????????? 5 nm
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 4?  
 106 
???????? Armchair?40, 40?????6 ?? MWCNT ?????????
????????????????FEA????? MS ????????????
????????????????????????????????????
??????????????????? 
?1?CNT/Polymer????????????? 1 wt% ?? 15 wt%??????
??? 
?2?CNT???? 5 μm?????????????????? 5 nm?50 nm
??????MWCNT ?????????????TEM????????
???????[9, 21]??????? MWCNT ????????????
?????????????????????????????????
?????????? CNT?????????? 
?3???????????????MWCNT ???????????????
?????????????????????????????????
? 3 ?? MD ???????????????????????????
CNT ?????????????????Polymer ??????????
?????CNT? Polymer???????????? Table 4.1???? 
 
Table 4.1. Material properties 
Properties 
Specifications 
CNT Polymer 
Density (g/cm3) 2.1 1.1 
Young’s modulus (GPa) 1000 3.2 
Poisson’s Ratio 0.1 0.34 
Specific heat (mJ/g∙K) 650 1000 
Thermal conductivity (W/mm∙K) 6.7 2×10-4 
CTE (K-1) From Fig. 4.3 From Fig. 4.3 
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?4?????????????????? 3D????Figure 4.6??????
?????RVE???????????????? 2D?????????
???????????????????????? RVE???????
??????????????????????[16]??????????
??????????????????????????Figure 4.6???
????Polymer???? CNT???? 2?????????CNT? Polymer
????????????????????[22]? 
?5?????????????100?? CNT????????????Figure 4.7
?????? 2D??????????????????????????
?????????2D???????????????????????
?? CNT??????? CNT?????????[18, 19]???????
???????????? CNT???? 10??25??50??? 100??
????????????100????????????????????
????????100 ?? CNT ???????????????????
?????????????????????????????????
??????????????[23]?????????? 
 
???? ??????
?????? ????????
??????????????303 K ?? 393 K??????????????
??CNT????? 1 wt% ?? 5 wt%???????????MS???????
????????? CNT/Polymer ??????????????????????
???CNT/Polymer??????????????ε??????????????
?????????????????????? 
0
0
Tl l
l



? ? ? ? ? ? ? ? ? ? ?                                     ? ? (4.2) 
????l0 ???????????????lT?????????????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 4?  
 108 
300 325 350 375 400
-0.3
0.0
0.3
0.6

6
(N
an
oc
om
po
si
te
, %
)
Temperature (K)
 1 wt%
 2 wt%
 3 wt%
 4 wt%
 5 wt%
 
 
Figure 4.9. Thermal expansion rate of uni-directional CNT/polymer nanocomposite by 
numerical simulation 
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Figure 4.10. Relationship between CNT content and absolute value of thermal expansion 
rate of uni-directional CNT/polymer nanocomposite by numerical simulation?
(Data of 303 K = Original data ×(-2.5),  data of 348 K = Original data ×8) 
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????Figure 4.9?? CNT???????????????????????
?????? 1 wt%?? 15 wt%??????? CNT/Polymer??????????
????????????????????? Figure 4.10???????????
????????????????????????????????????
?????????????????????????????? CNT/Polymer?
?????????????????????? 
Figure 4.10 ???CNT ????????????????????????
CNT/Polymer ???????????????????????????????
??????????303 K????????????????????????
?????? CNT/Polymer?????????????????????CNT??
??? 1 wt%?? 5 wt%??????CNT/Polymer ??????????????
????????????5 wt%?? 10 wt%?????????????????
???????10 wt%?? 15 wt%??????????????????????
?????????????CNT??????????? CNT/Polymer?????
????????????  ????????????????????????
??????????? 
 
?????? ????????
???????????????? CNT ?????????????????
? MS????????????????????????CNT????? 1 wt%
?? 5 wt%??????????????????? CNT/Polymer???????
?????????? Figure 4.11???? 
???CNT/Polymer ???????????????????????????
?? 1 wt%?3 wt%? 5 wt%??????????????? 2 wt%? 4 wt%???
?CNT/Polymer??????????????????????????????
??????  
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Figure 4.11. Thermal expansion rate of multi-directional CNT/polymer nanocomposite by 
numerical simulation 
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Figure 4.12. Relationship between CNT content and absolute value of thermal expansion 
rate of multi-directional CNT/epoxy nanocomposite by numerical simulation 
(Data of 303 K = Original data ×(-2.5); data of 348 K = Original data ×8) 
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???? ?????
CNT/Polymer ?????????????????? MS ??????????
?????????????????????????????????
CNT/Polymer???????????????????????????
?
?????? ??????
???????????CNT/Polymer??????????????ε?????
????????? 
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???????????????? CTE?α????????????????
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α: ?????CTE?  
V: ????? 
E: ?????Young's modulus? 
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ν: ??????Poisson's ratio? 
????????? Table 4.1???????????????????????
????????? 
c: ?????? 
m: ?????? 
f: ?????????????? CNT??? 
??????????4.6????????????????? c9 ???????
????????0.338?1 wt%??? 0.333?5 wt%??????????????
????????CNT ?????????????????? CTE ??????
?????4.5?????????????CNT ???????????????
????? CTE ????????????4.6?????????????? CTE
?α????4.3???????????????????ε??????? 
 
?????? ??????
????? 2 ??????[25-27]?????????????Polymer ????
????????????????? 3 mm??????????? 30 × 30 mm?
??????????????????????????? 3 wt%?????? SEM
??? Figure 4.13??????????????? 0.4 mm??????????
? 30 × 30 mm???????????????????????????????
???????? 2????? TMA-50???????????????????
???????????????????? JIS K7197 [28]???????????
303 K?? 393K??????????????? 5 K/min????????????
??? Polymer? 3 mm?????????? 0.4 mm?????????????
??????????????? Polymer ??????? 393 K ?? 403K ???
?????????????????????????????????????
????????Polymer ?????????????????????????
??????????????????????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 4?  
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???????????????? Figure 4.15???? 
 
 
Figure 4.13. Dispersion state of CNT in polymer matrix (3 wt%) 
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Figure 4.14. Numerical (Num.) and theoretical (Theo.) results by uni-directional modeling 
of CNT/polymer nanocomposites 
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Figure 4.15. Comparison of numerical (Num.), theoretical (Theo.) and experimental (Exp.), 
results by multi-directional modeling of CNT/polymer nanocomposite, (a): 
the results for 1wt%, (b): the results for 3wt% 
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Figure 4.16. Relationship between CNT content and thermal expansion rate of 
CNT/polymer nanocomposite at 393 K 
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Figure 5.1. CNT/polymer nanocomposite temperature sensor, (a): schematic view of the 
fabricated temperature sensor using CNT/polymer nanocomposite, (b): 
dispersion state of CNTs in polymer matrix (5 wt%) 
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Figure 5.2. Electrical resistance of CNT/polymer nanocomposite temperature sensor versus 
temperature and CNT content 
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Figure 5.3. Electrical resistance change rate of CNT/polymer nanocomposite temperature 
sensors versus temperature and MWCNT content 
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Figure 5.4. Electrical resistance change rate of CNT/polymer nanocomposite temperature 
sensors versus MWCNT content and temperature 
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Figure 5.5. Accuracy of CNT/polymer nanocomposite temperature sensor with 3 wt% 
CNTs  
 
???Babaev?[11]? 5 wt%? MWCNT/Polymer ??????????????
???????????????????????? 0.05 Ωm/K????????
???????????????????????[4, 5]?????? CNT/Polymer
????????????????????????????????? 3???
?????????????1?CNT???????? CNT???????????
?2???????????????????????????? CNT?????
????????3??????????? CNT???????????? 
 
???? ????????????? ??????????? ???????
????????????????
?????? ?????????????????????
?????[15-17] ??CNT ?????????????????????3 ?
?? CNT??????CNT?????????????????????CNT?
????????????????????????CNT???????????
?????????????????????????????????????
???????????????????? 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 5?  
 128 
 
Figure 5.6. Homogeneous dispersion 
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Figure 5.7. Random network of CNT resistance 
 
Figure 5.8. Modeling of tunneling resistance 
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Table 5.1. Material constants employed in the numerical simulations [21] 
Parameters Value 
lf [m] 5.0×10-6 
df [m] 5.0×10-8 
σf [S/m] 104 
m [kg] 9.109×10-31 
A π(df)2/4 
e [C] 6.626×10-19 
H 6.626×10-34 
λ [J] 1.5eV 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 5?  
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Figure 5.9. Modeling of network change and tunneling effect, (a) rigid-body movements of 
CNTs in polymer due to thermal expansion, (b) schematic diagram of 
tunneling effect in CNT/polymer nanocomposite temperature sensor 
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Table 5.2. Comparison of 'A  and A  (T: temperature, ε: the thermal strain corresponding 
to MWCNT content and temperature) 
T (K) 
'A  
1 wt% 3 wt% 5wt% 
333 2.2A ( 0.00%  ) 3.0 A ( 0.00%  ) 4.8 A ( 0.00%  ) 
343 2.3 A ( 0.14%  ) 3.1 A ( 0.13%  ) 4.9 A ( 0.12%  ) 
353 2.3 A ( 0.32%  ) 3.1 A ( 0.29%  ) 4.9 A ( 0.27%  ) 
363 2.3 A ( 0.49%  ) 3.2 A ( 0.44%  ) 5.0 A ( 0.43%  ) 
373 2.4 A ( 0.67%  ) 3.2 A ( 0.60%  ) 5.1 A ( 0.58%  ) 
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 5?  
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Figure 5.10. Comparison of '  and   
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Figure 5.11. Comparison of experimental and numerical results (Num.: numerical 
simulations, Exp.: experimental measurement) 
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??????????????????????????????????????
???????????????????????3 wt%? CNT????????
???????????????1 K ?????????????? 4000 Ω?64 
Ωm/K????????? 0.00025 K?????????????????????
?????????????????????????????????????
????????????????????????????????????
CNT????????? 3????????????????????? 3???
?????????????????????????????????? CNT
????????????????????????????????? 
 
??????CNT/Polymer ????????????????????????
??????????????????????????????????? 1?
??? CNT ???????????????????????????????
???????Graphene??????????????????????????
????????????????????????????????????
????????????????????????????????? MWCNT
?????????????????????????????????MWCNT
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  ? ? ? ? ? ? ? ? ? ? ? ? 6?  
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????????????????????????????????????
???????? 
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?? ??
????????????????????????????????????
??? ??????????????????????? ??????????
??????? 
????????????????????????????????????
???????? ?????????????????????????????
????? ????????????????????????????????
?????????????????? 
????????????????????????????????????
??????????? ??????????????????????? 2??
????????????????????????????????????
???????????????????? ???????????????? 
????????????????????????????????????
???4??????????????????????????  
???????????????????????? 
 
 
 
